a-Tocopherol, a-Tocoquinone, Plastoquinone-A, Photosystem II, Cyclic Electron Transport, Oxygen Evolution, Thylakoid Membrane a-Tocoquinone (a-T Q ) and a-tocopherol (a-TOC) which cannot substitute for plastoquinone-9 (PQ -A) as an electron acceptor from photosystem II (PS II), influence the oxygen evolution activity of thylakoid membranes under continuous illumination. In the presence of the herbicide DCM U and the protonophore FCCP which stimulate cyclic electron transport around PS II, a-T Q decreased oxygen evolution whereas a-TO C enhanced it. The effects are attributed to a stimulation or an inhibition of cyclic electron transport around PS II by a-TQ and a-TOC, respectively. Results of flash light experiments on PS II preparations show that both a-TQ and a-TO C increased the d-parameter which describes the transition prob ability from the S3-to the S0-state of the oxygen-evolving complex, although to a smaller extent when PQ-A is added alone to the preparations. The initial S-state distribution in darkadapted samples was changed only upon PQ-A addition and influenced neither by a-T Q nor by a-T O C supplementation. These effects indicate different kinds of interaction of PQ-A, a-TQ and a-TO C with the PS II components. a-TQ increased and a-TO C decreased the "total miss" param eter both in the presence or absence of PQ-A. A possible site of interaction of a-T Q and a-TO C with the cyclic electron transport around PS II is suggested.
In tro d u ctio n A ccording to a generally accepted view cyclic electron flow around photosystem II (PS II) is part of a defense m echanism which p rotects the p h o to synthetic ap p aratu s from dam age caused by over excitation u n d e r strong light conditions (T hom p son and Brudvig, 1988; W hitm arsh and Pakrasi, 1996) . A lth o u g h th ere is a large body of evidence for the o p eratio n of such a cyclic electron trans-port, its m olecular m echanism is still not u n d e r stood. O n the basis of results we o b tained by m easuring the relative activity of cyclic and linear electron flow, w hen applying light absorbed by dif ferent photosynthetic pigm ents, we postulated the participation of carotenoids and in particular that of ß-carotene of the PS II reaction center in this process (G ruszecki et al., 1995, 1996) . We alsc found that the relative activity of cyclic and vecto rial electron flow d ep en d e d not only on the lighi quality (i.e. the relative degree of excitation ol chlorophyll and caro ten o id pigm ents), but alsc upon the presence of quinones (G ruszecki et al. 1995) , the involvem ent of which was also pos tulated by o th er au thors (M cN am ara and G oun aris, 1992; Satoh et al., 1990; Sinclair and Kelley 1992; T sujim oto and A rn o n , 1985) .
The thylakoid m em brane contains differen kinds of quinones. The m ost abundant species i plastoquinone-9 (P Q -A ), the function of which i well characterized and which operates as the pri m ary (Q A) and secondary (Q b) electron accepto of PS II, and also as a hydrogen carrier across tht 0939-5075/97/1100-766 $ 06 .00 © 1997 Verlag d er Z eitschrift für N aturforschung. All rights reserved. l thylakoid m em brane (P Q -p o o l) (R ich and Moss, 1987) . T here are also rep o rts suggesting th a t PQ-A is involved in cyclic electro n tran sp o rt around PS I (for review, see W i^ckow ski and Bojko, 1997) .
a -T Q is a w idespread pren y lq u in o n e which is present in the thylakoid m em b ran e at ab o u t 10%
of the PQ -A am ount (K ruk and Strzalka, 1995) . The light dep en d en t changes in the redox state of a-T Q (D illey and C rane, 1963, 1964 ) m ight sug gest its participation in p h o to sy n th etic electron transport. H ow ever, its site o f redox changes is u n know n. a -T Q was show n to resto re even at very low concentrations (H en n in g er and C rane, 1963) cytochrom e c p h o to red u ctio n in th e presence of ferredoxin-N A D P H oxidoreductase. T hese facts may indicate th at the site of its redox change is located in the region of photosystem I (PS I). O n the o th e r hand A n a cystis nidulans (O m ata and M urata, 1984) and a Scen edesm u s o b liqu u s m u tan t (B ishop and Wong, 1974) w hich both lack a -T Q and a-T O C , show absence o f th e high-potential form of cytochrom e b-559 (C yt b -559 H P ) which is generally accepted as a co m p o n en t participating in cyclic electron flow a ro u n d PS II (A rn o n and Tang, 1988) . This m ay p o in t to a relationship b e tw een a-T Q , a-T O C and the Cyt 6-559-m ediated cyclic electron flow. It was also suggested th at the reduced form of a -T Q plays a role as a m em branebound antioxidant (Bindoli et al., 1985 ; M ukai et a l, 1993; K ruk et a l , 1994, 1997 ) com parable to a-TOC, the function of w hich in the antioxidative defence m echanism s in m em b ran es is well e sta b lished (M achlin, 1980) . A p a rt from its antioxida tive function a-T O C , sim ilarly to the discussed above quinones, may also p articip ate in electron transfer reactions connected w ith PS II (B arr and Crane, 1977; M ichalski and K aniuga, 1981) . Its in teraction w ith Cyt b-559 m ay be also possible for :he sam e reasons as for a-T Q . T here are reports :hat a-T O C restores th e activity of h ep tan e-ex tracted PS I-particles, how ever, only at very high ion-physiological concen tratio n s (Baszyriski, 1974; Baszyriski and Tukendorf, 1975) . The data on possible in teractio n of chloroplast 3renylquinones with Cyt 6-559 is m ainly lim ited to PQ-A. Such an interactio n is derived from restoraion of the high-potential form o f Cyt b -559 by 3Q -A (Cox and B endall, 1974) , by th e reoxidation }f the PQ -pool by p ro to n o p h o re s such as carbon-/lcyanide-p-trifluorom ethoxyphenylhydrazone (FC C P) which stim ulates electron tran sp o rt (M cCauley et a l , 1987), and by an inhibition of high potential Cyt 6-559 ph o to red u ctio n by D C M U (Sam son and Fork, 1991) , this, how ever, at higher concentrations than those required for the inhibition of PQ -A -reduction at the Q B-site. It was also found th at ß-carotene was necessary for the reoxidation of the pho to red u ced high-po tential Cyt 6-559 by the reaction cen ter of PS II, as the result of the op eratio n of cyclic electron transport (Cox and B endall, 1974) . This is in agreem ent with our recent proposal (G ruszecki et al, 1995; Strzalka et a l , 1996) on the involvem ent of the ß-carotene m olecule of the PS II reaction cen ter in this process.
To investigate the influence of different prenyllipids on the cyclic electron tran sp o rt around PS II we have m easured the resto ratio n of oxygen evolution efficiency by a -T Q and a-T O C added separately or in com bination with PQ -A and ß-carotene, to petroleum ether-extracted thylakoid m em branes and to lyophilized or fresh PS II-particles. The restoration efficiency was also m ea sured in the presence of D C M U -concentrations which partially inhibited linear electron transport, and also upon addition of FCCP. B oth these tre a t m ents stim ulated the cyclic com ponent of PS IIm ediated electron transport, th erefo re the effect of investigated prenyl-lipids should be even m ore pronounced. Thylakoid and PS II-particles from N icotiana tabacum var. John W illiam 's B ro ad leaf w ere p re p ared according to the m eth o d described by Berthold et al. (1981) and suspended in 25 mM H epes buffer, p H 7.5 at a chlorophyll concentration of 250 |Ag /ml. For extraction -reco n stitu tio n experi m ents the thylakoid suspension was lyophilized and ex tracted 3 tim es for one h o u r with petroleum e th e r (5 m l/m g chi) u n d er continuous shaking. P e troleum eth er-ex tracted m em branes w ere recon stituted by the addition of hexane solutions of ß-carotene, a -T O C and the quinones in various com binations and evaporation of the solvent in a n itro gen stream . Subsequently the sam ples were dried u n d er vacuum to rem ove traces of the solvent and w ere then suspended in H epes buffer and adjusted to the original chlorophyll concentration (250 |Ag/ ml).
In the case of thylakoid m em branes the am ounts o f ß -carotene and PQ -A , added back to the dried sam ples, co rresp o n d ed to 57 and 200 nm ol/m g chlorophyll w hich is approxim ately two tim es th e am o u n t found in vivo. The am ount of the o th e r prenyl-lipids nam ely a -T O C and a-TQ , which w ere add ed to g eth er with ß-carotene and P Q -A co rresp o n d ed to 25% of the am ount of PQ -A . ß -carotene was ad d ed to each reconstituted sam ple because it was found to be necessary for an optim al resto ratio n of the oxygen evolving ac tivity in extracted chloroplasts (Cox and B endall, 1974) . Lyophilized PS II-particles w ere suspended in 50 mM H epes buffer p H 6.5, containing 2.5 mM C aC l2 and 0.4 m sucrose. The investigated prenyllipids (P Q -A , a-T O C , a -T Q ) w ere added as ethanolic solutions to lyophilized sam ples, resuspended in buffer o r to fresh PS II sam ples containing 10 [ig of chlorophyll, yielding a final chlorophyll/prenyllipid m olar ratio of 5.
The extractio n -reco n stitu tio n experim ents were carried out with 10 individual thylakoid and PS IIpreparations. A ctivity differences betw een p rep a rations w ere below 10%. The d ata given represent experim ental series w ithin the sam e preparation.
A m p ero m etric m easurem ents of oxygen evolu tion w ere carried out w ith the bare platinum electrode described by Schm id and Thibault (1979) . C ontinuous light experim ents w ere p e r form ed using red light (36.5 f_iE m~2 s _1) which was provided by a halogen p ro jecto r lam p eq u ipped with a 630 nm cut-off filter com bined with sured is limited mainly by electron transport reac tions associated with photosystem II. PQ-A or PQ-A in combination with a-T Q or a-TO C, when added to the petroleum ether-extracted thylakoids restored significantly their oxygen evolving activ ity (Fig. 1, Table I ). This restoration ranged from 81% (thylakoids reconstituted with PQ -A only) to 72% (thylakoids reconstituted with PQ-A + a-TQ) of their original activity. This indicates a good effectiveness of the reconstitution procedure and points to a preservation of structural integrity of thylakoid mem branes after such a treatm ent. R e constitution with a-TQ or a-TO C only, without concomitant addition of PQ-A, resulted in mem branes ineffective in oxygen evolution, which con firms our findings (not shown here) that these two prenyl-lipids cannot act as electron acceptors in Hill reaction (Kruk et al., 1997) .
The addition of FCCP which is known to stimu late cyclic electron transport around PS II by pro moting the reoxidation of high-potential Cyt b-559 (Barabas et al., 1993) , lowered pronouncedly (5 0 -65%) oxygen evolution in red light-illuminated samples.
Cyclic electron transport is supposed to occur under conditions when linear electron transport from water to N A D P+ is saturated by high light intensity. In order to simulate such a situation, we partially inhibited linear electron flow by DCM U and then studied the effectiveness of reconstitu tion with different prenyl-lipids. As it can be seen in Table I under DCM U treatm ent the efficiency of oxygen evolution decreased to a similar level in the samples reconstituted with PQ-A or PQ-A + a-TOC, however, the decrease was more pro nounced in the sample reconstituted with PQ-A + a-TQ. This suggests that a-TQ, in contrast to PQ-A and a-TOC may lower oxygen evolution by stimulating cyclic electron transport. The stimula tory effect of a-TQ on cyclic electron flow (a decrease in oxygen evolution) was also found in the case of thylakoids treated with DCM U + 2.5 jiM FCCP. In addition, reoxidation of reduced a-TQ may also contribute to some extent to a lowering of net oxygen evolution (Bojko and Wi^ckowski, 1995; Wi^ckowski and Bojko, 1996) .
On the other hand, membranes reconstituted with a-TOC showed under these conditions a higher oxygen evolving activity than the other two variants, which may indicate that the prenyl-lipid inhibits to a certain extent the FCCP-induced cy clic electron flow leading to the consequence that more electrons are turned into the linear path. This effect of a-TOC, manifested as an increased Table I . Relative oxygen evolution activities in control thylakoids (unextracted) of tobacco Nicotiana tabacum and preparations extracted and reconstituted with ß-carotene, PQ-A and other prenyl-lipids (Q) at the molar ratio of PQ-A / Q = 4 in dependence on the addition of DCMU and FCCP. oxygen evolution, can also be seen when the con centration of FCCP is raised to 5 jam. In such con ditions there was no oxygen evolving activity in all experim ental variants studied except for the PQ-A + a-TO C reconstituted membranes (Table I) , where significant O z evolution was still occurring.
Flash light experiments
From the results presented above it can be con cluded that a-TQ and a-TO C seem to exert an antagonistic effect on oxygen evolution which may be related to their different influence on cyclic electron transport around PS II. To get a better insight into this phenom enon we have studied the effect of PQ-A, a-TQ and a-TO C on oxygen evo lution under single-turnover light flashes of white light (W L), blue light (BL) and red light (RL) in isolated PS II particles. Typical patterns of oxygen evolution for selected experimental variants are shown in Figs. 2 and 3 . The data obtained were analyzed using the heterogeneous five state-model described by Burda and Schmid (1996) . In the cal culations double hits were neglected. Calculated param eters such as the S-state distribution, miss frequency (a) and the efficiency for the transition of S3 -* ■ S4 -*• S0 (param eter d) for PS II-particles reconstituted with different prenyl-lipids and illu minated with WL, BL and RL are shown in Tables  II and III. As we have already dem onstrated in our previ ous paper (Gruszecki et al., 1997) flashes of RL (which was found to stimulate cyclic electron transport), increased significantly the proportion of misses in the control sample, so the value of total misses (a t) for this experim ental variant was significantly higher than the corresponding values for control samples illuminated with WL-or BLflashes. This is valid for both fresh and lyophilized PS II-particles reconstituted with PQ-A, a-TQ and Oxygen evolution is expressed as the amplitude of the polarographic signal (rel. units) per particle preparation corresponding to 30 [.ig of chlorophyll deposited on the electrode. All experimental variants are normalized to the amplitude of oxygen evolution at the third flash of white light. The param eters of the mathematical fits correspond ing to these patterns are given in Table II . Oxygen evolution is expressed as amplitudes of the polarographic signal (rel. units) per preparation corresponding to 30 ng of total chlorophyll deposited on the electrode. All experimental variants are normalized to the amplitude of oxygen evolution at the third flash of white light. The parameters of the mathematical fits corresponding to these patterns are given in Table III . cx-TOC (Tables I and II) . However, only in the presence of a-T Q the effect of red light on the increase of the a t param eter was pronounced, and the most affected transition was the S0 -Si transi tion (the a 0 value increased greatly). On the other hand, the value of the a 0 param eter decreased in RL-illuminated PS II-particles reconstituted with a-TO C + PQ-A, when com pared to the sample reconstituted with PQ-A only (Table II) . PQ-A was the only prenyl-lipid used which significantly changed the S-state distribution pattern, increas ing the proportion of S0 in comparison to the Sj state in both fresh as well as in lyophilized sam ples. This quinone was also most effective in rising the value of d param eter. This param eter was in the range of 0.1-0.3 in control PS II samples which is characterisitc for the system deprived of electron acceptors, which indicates that PS II-particles lost the biggest part of their endogenous PQpool during the isolation procedure. Addition of PQ-A increased this param eter to the value of 0.76-0.86 in the case of fresh PS II samples and to the value close to 1 in the case of lyophilized preparations. Interestingly enough, the two re maining prenyl-lipids (a-T Q and a-TO C ), al though they cannot act as electron acceptors for the linear part of the PS II electron pathway, they also significantly increase the value of the d param eter. Since this rise is not accompanied by an increased oxygen evolution, the a-TQ -and a-TOC-m ediated deactivation (discharge) of the S3 state (rise in the d param eter) must proceed via another mechanism than in the case of PQ-A.
The influence of a-TQ and a-T O C on cyclic electron transport around PS II rises the question about the site of interaction of the two prenyl-lipids with the components of this electron transport system. A reasonable site could be cytochrome b-559 where a-TQ and a-TOC might interact with its high potential form. 
A ckn ow ledgem ents

